• Mortality rate of 85-100% of mosquito L3 and L4 was achieved in different experimental settings.
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Efficacy of Heterorhabditis indica LPP35 against Aedes aegypti larvae in human-generated containers and bromeliads 
HIGHLIGHTS
• Mortality rate of 85-100% of mosquito L3 and L4 was achieved in different experimental settings.
• In human-generated containers, the volume of water retained did not affect H. indica LPP35 efficacy.
• The base area of human-generated containers influenced the efficacy of H. indica LPP35.
• The efficacy of H. indica LPP35 was relatively low in tank-forming bromeliads.
ABSTRACT: Aedes aegypti is arguably the most important mosquito for public health worldwide, as it is the main vector of dengue fever and other diseases. A virulence assessment of different entomopathogenic nematodes towards A. aegypti larvae (L3 and L4) revealed the potential of H. indica LPP35 for mosquito biocontrol. In this follow-up study, the application of 100 infective juveniles (IJs)/larvae caused mortality rates of 85-100% in human-generated glass and plastic containers of different sizes and shapes, located indoors and outdoors. In these experiments, the volume of the water retained in the containers did not affect the efficacy of H. indica LPP35, but the container`s base area (in cm 2 
INTRODUCTION
Dengue fever is the most serious vector-borne viral disease of humans, afflicting annually as many as 400 million people in more than 100 tropical and subtropical countries [1, 2] . Five Aedes (Diptera: Culicidae) species can transmit dengue fever, with A. aegypti L. as the main vector. This mosquito also transmits yellow, chikungunya and zyka fevers, the latter possibly associated with many cases of microcephaly in Northeastern Brazil [3] . Females of domesticated A. aegypti populations oviposit mainly in human-generated containers with clean water -discarded tires, glass and plastic bottles, water tanks -although oviposition can also take place in bromeliads (Bromeliaceae) and tree holes, as preferred by sylvan populations in sub-saharan Africa [4] . Larvae -L1 through L4 -feed on organic particles and microorganisms in the aquatic environment for five to seven days before pupation.
Because insecticide-resistance is a major concern in mosquito control [5] , different biological control agents have been assessed [6] . The efficacy of entomopatogenic nematodes (EPNs) against http://dx.doi.org/10.4322/nematoda.01715
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Nematoda, 2016;3: e0172015 mosquitoes was first evaluated by Welch [7] , who applied Steinernema carpocapsae (Weiser) Wouts, Mracek, Gerdin & Bedding to reduce larval density and adult emergence of Aedes spp., including A. aegypti. In the following years several authors investigated the basic aspects of EPN-mosquito larva interaction [8, 9, 10, 11, 12, 13, 14, 15, 16] , while several studies focused on the efficacy of different EPNs against mosquito species [9, 15, 16, 17, 18, 19, 20, 21] . No study has yet attempted to confirm laboratory results in the field. Recently, Cardoso et al. [22] reported high pathogenicity (80-96%) of Heterorhabditis baujardi LPP31, H. indica LPP1 and H. indica LPP35 to a mixture of L3 and L4 of A. aegypti, under laboratory conditions. In a concentration-response assay, H. indica LPP35 killed nearly 100% of the larvae at a rate of 160 infective juveniles (IJs)/larvae, and produced a small progeny in the host.
It is widely known that promising laboratory results obtained with EPNs must be confirmed under field conditions, because the efficacy of EPNs to control a pest host is modulated by environmental conditions and nematode and pest behaviors [23] . This work reports on experiments to assess the efficacy of H. indica LPP35 against A. aegypti larvae in human-generated containers and bromeliads, and to model some of the variables that will determine aspects of IJ application technology. We hypothesized that this EPN is capable of controlling A. aegypti larvae in different kinds of container and environmental conditions.
MATERIAL AND METHODS

Rearing of H. indica LPP35 and L3/L4 of Aedes aegypti
The nematodes were multiplied in larvae of Galleria mellonella L. (Lepidoptera: Pyralidae), according to methods by Woodring & Kaya [24] . The IJs that emerged from the larvae were maintained in an aqueous suspension in cell culture flasks at a temperature of 16 °C in the dark, until used in the experiments.
Eggs of A. aegypti were obtained from oviposition traps installed in households in the city of Campos dos Goytacazes, Rio de Janeiro, Brazil. The traps were made from black plastic pots with 1,500 mL capacity, to which six pieces of Eucatex ® wood (3 × 12 cm) were attached to the edge with elastic bands. The rough side of the wood pieces was turned toward the inner part of the pots. Each trap received 250 mL of tap water. Following oviposition, the wood pieces were put to dry in the shade for 48 h. After this period, they were acclimatized in plastic Gerbox ® boxes and stored at room temperature. For egg hatching, the pieces of wood were immersed in trays containing about 1 L of tap water to which about 0.5 g of mouse feed had been added. The development from L1 through L4 took approximately 48 h at room temperature (25 ± 3 °C). To conduct the experiments, a mixture of L3 and L4 larvae (L3/L4) were set apart according to their mean lengths of 5-7.3 mm, because Cardoso et al. [22] reported these stages as susceptible to H. indica LPP35.
Efficacy of H. indica LPP35 in relation to the concentration of IJs/larvae
One hundred mL of tap water was added to 200 mL erlenmeyers, to which were added 1,000 IJs and 10, 20, 30, 40, 50, 60, 70, 80, 90 or 100 L3/L4, resulting in the concentrations (treatments) of 100, 50, 33.3, 25, 20, 16.6, 14.3, 12.5, 11.1 and 10 IJs/larvae. Five erlenmeyers (replicates) were used per treatment. The blank control consisted of the same conditions except for the absence of IJs. The experiment was conducted in the laboratory at 23-26 °C, in an entirely randomized design. Dead larvae were counted and removed from the containers daily until the larvae in the blank control pupated (about 7 days after the experiment was set). Dead larvae were examined under a stereomicroscope to verify the presence of IJs in their bodies. The experiment was repeated once.
Efficacy of H. indica LPP35 in human-generated containers in relation to the volume of water retained
The following tap water volumes were assessed: 10, 100, 1,000 and 10,000 mL. The first two volumes were poured into 300 mL transparent plastic cups, and the others in 2 L transparent plastic bottles and 15 L transparent plastic buckets, respectively. The containers were set on the ground in a small guava (Psidium guajava L.) orchard at the university campus, either in the shade (under the tree canopies) or in full sun, for a total of eight treatments. Ten containers (replicates) were used per treatment, to which were added 10 L3/L4 and 1,000 IJs per mL of water. The blank control consisted of the same conditions except for the absence of IJs. The treatments were arranged in two randomized blocks (full sun and http://dx.doi.org/10.4322/nematoda.01715 Cardoso et al.
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Heterorhabditis indica LPP35 against Aedes aegypti larvae shade). The evaluations were conducted as described before. The experiment was conducted twice, in spring and fall, with air mean daily temperatures (low, mean, high) of 16, 24 and 40 °C and 13, 22, and 33 °C, respectively.
Efficacy of H. indica LPP35 in relation to the base area of the human-generated container
The following containers were used: 1,000 mL glass tubes; 1,000 mL and 2,000 mL glass beakers; 2,000 mL and 5,000 mL transparent plastic buckets. These containers presented base areas (treatments) of 38.5, 78.5, 153.9, 346.5 and 572.3 cm 2 , respectively. One liter of tap water was added to the containers, resulting in water columns of 34, 15, 7, 4 and 2 cm in height, respectively. Ten containers (replicates) were used per treatment, to which were added 10 L3/L4 and 1,000 IJs per mL of water. The blank control consisted of the same conditions except for the absence of IJs. The experiment was conducted in the laboratory at room temperature, in an entirely randomized design. The evaluations were conducted as described before. The experiment was repeated once.
Efficacy of H. indica LPP35 in tank-forming bromeliads
Pot-grown, mature tank-forming bromeliads [Neoregelia cruenta (Graham) L.B. Smith] were kept for 20 days covered with a piece of voile fabric, attached to the pot, to guarantee a mosquito-free environment. The fabric was removed and the plants were flipped over to drain the water retained in the tank. Each bromeliad received 10 mL of tap water, 10 L3/L4 and 10,000 IJs. The fabric was replaced and kept until the end of the experiment to prevent visiting mosquito females from ovipositing. The blank control consisted of bromeliads without the IJs. The experiment was conducted in a greenhouse, in an entirely randomized design. The evaluations were conducted as described before. The experiment was repeated once.
Statistical analysis
For the statistical analysis, the original -not transformed -data were tested for homogeneity of variances (Cochran and Bartlett tests) and normality of errors (Lilliefors test) at 5% probability, using the System of Statistical Analyses [25] . As the data met the presuppositions, an ANOVA was conducted with time being one of the factors, and the F-test revealed no significance (P > 0.05). Thus, for the first three experiments, data from both experiments were combined and regression equations were obtained using the software Excel, with alpha 0.05. For the last experiment, data from both experiments were combined and the means for treatments were compared by Tukey test (P < 0.05).
RESULTS AND DISCUSSION
In the concentration-response experiment a 100% mortality rate was achieved at 100 IJs/larvae, with 70% at 50 IJs/larvae (Figure 1) . The blank control resulted in a mean mortality rate of 0%. From the standpoint of applying technology, this result is remarkable and better than the findings of Cardoso et al. [22] , who obtained a mortality rate of just over 80%, at 100 IJs/larvae. Bedding et al. [26] have suggested testing EPNs at 100 IJs/insect in preliminary assessments of host susceptibility for the selection of biological control agents.
In the experiment set to investigate the efficacy of H. indica LPP35 in relation to the volume of water retained in the container, the water reached high temperatures in the containers of 10-1,000 mL capacity placed under full sun in the spring. This killed all mosquito larvae in the blank control. In all remaining containers (spring and fall seasons), the blank mortality ranged from 0-14%, and the data were useful for statistical analysis. Although the concentration of 100 IJ/larvae was applied in all treatments, the mortality rate presented a negative correlation with the water volume in the containers (Figure 2) , suggesting that another factor played a role in the efficacy of H. indica LPP35. It is known that mosquito larvae browse the bottom of oviposition sites for food, and the pathogenicity of EPNs to mosquito larvae is partially dependent on the amount of IJs ingested by the voracious larvae [10, 15, 16] . Therefore, we decided to test whether the base area of the containers used in this experiment determined the IJ-density at the bottom of the containers and the number of IJs devoured by the larvae, with direct influence on the efficacy of H. indica LPP35. In this experiment the mortality rate of L3/L4 reached 100% in containers with 38.5 cm 2 of base area, falling to 25% at 572 cm 2 ( Figure 3) . http://dx.doi.org/10.4322/nematoda.01715
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In the experiment conducted in bromeliads, the mortality rate of L3/L4 was only 23.5% even with a 10-fold increase in the IJ concentration to compensate for the large area of the bromeliad leaf axils. (Figure 4 ). Possibly many IJs swam down the bromeliad leaf axils, remaining beyond the reach of grazing larvae. Also, the irregular, not smooth surface of bromeliad leaves may have decreased the availability of IJs to grazing larvae. Finney & Harding [27] have reported a considerable reduction in mortality of A. aegypti L4 when IJs of S. carpocapsae were applied in containers with a layer of sand or leaves at the bottom. Heterorhabditis indica LPP35 against Aedes aegypti larvae Collectively, the data confirm the potential of H. indica LPP35 to kill most A. aegypti L3/L4 in human-generated containers. The efficacy of H indica LPP35 as a biocontrol agent still needs to be assessed in naturally occurring oviposition sites under a range of situations that involve different container sizes and shapes. For these field trials, important parameters have been defined in the present work, related to application of H. indica LPP35. The concentration applied must be of at least 70-100 IJ/larvae to obtain a satisfactory level of control. Cavalcanti et al. [28] reported that oviposition sites of A. aegypti may present up to 160 larvae per container, but much lower counts are usually obtained. Therefore, estimating the larval density in the container and adjusting the IJ-concentration should be feasible for health officials.
Curiously, the volume of the water retained in a human-generated container is not an important parameter, unlike the container´s base area, which seems to determine the likelihood of the IJ-larva encounter. A 100% mortality rate of L3/L4 was achieved at theoretical densities of 0.25 larvae and 25 IJ/cm 2 , with a mortality rate of nearly 80% at densities about four times as low. Field trials in a range of naturally occurring oviposition sites, with different larval density and base areas, should provide data to model the concentration of IJ/larvae to achieve an acceptable level of biological control of A. aegypti.
The relatively low mortality rate of L3/L4 obtained in bromeliads does not jeopardize the potential of H. indica LPP35 to control A. aegypti, since domesticated mosquito populations oviposit predominantly in human-generated containers, not in bromeliads [4] .
CONCLUSIONS
The potential of H. indica LPP35 against A. aegypti L3 and L4 was confirmed in several experiments conducted indoors and outdoors using glass and plastic human-generated containers of different shapes and sizes. In these experiments, the volume of water retained in the container did not affect H. indica LPP35 efficacy, while the container`s base area significantly influenced the efficacy of H. indica LPP35. The efficacy of H. indica LPP35 was relatively low in tank-forming bromeliads. 
